The effect of combining irradiation and heat (i.e., irradiation followed by heat [IR-H]) on Salmonella Enteritidis and Salmonella Senftenberg inoculated into liquid whole egg (LWE) with added nisin, EDTA, sorbic acid, carvacrol, or combinations of these GRAS (generally recognized as safe) additives was investigated. Synergistic reductions of Salmonella populations were observed when LWE samples containing GRAS additives were treated by gamma radiation (0.3 and 1.0 kGy), heat (57 and 60°C), or IR-H. The presence of additives reduced the initial radiation D~-values (radiation doses required to eliminate 90% of the viable cells) by 1.2-to 1.5-fold, the thermal decimal reduction times (Drvalues) by up to 3.5-and 1.8-fold at 57 and 60°C, respectively, and the thermal Dt-values after irradiation treatments by up to 3.4-and 1.5-fold at 57 and 60°C, respectively, for both Salmonella serovars. Of all the additives investigated, nisin at a concentration of 100 IV/ml was the most effective at reducing the heat treatment times needed to obtain a 5-10g reduction of Salmonella. Thus, while treatments of 21.6 min at 57°C or of 5 min at 60°C should be applied to achieve a 5-log reduction for Salmonella in LWE, only 5.5 min at 5rC or 2.3 min at 60°C after a 0.3-kGy radiation pretreatment was required when nisin at a concentration of 100 IV/ml was used. The synergistic reduction of Salmonella viability by IR-H treatments in the presence of GRAS additives could enable LWE producers to reduce the temperature or processing time of thermal treatments (current standards are 60°C for 3.5 min in the Vnited States) or to increase the level of Salmonella inactivation.
Both ionizing radiation and thermal treatment can be used to inactivate Salmonella in liquid whole egg (LWE) (25, 30, 34, 40, 41) ; however, the heat or irradiation treatments necessary to achieve a determined level of safe security require intensities that would deteriorate the product quality of LWE, since some soluble proteins begin to precipitate at temperatures as low as 57°C, and product quality starts to be affected at doses of 1.5 kGy (21, 24, 41) . Heat treatments of 60°C for 5 min or gamma radiation doses of 3.5 kGy would be necessary to inactivate 5 log cycles of most of the heat-and irradiation-resistant Salmonella serovars in LWE (2) . Heat and radiation sensitivities of Salmonella could be increased by combining different preservation techniques that allow the use of less severe treatment conditions, with consequent improvements in product quality. Recent results indicate that the combination of irradiation and heat (i.e., irradiation followed by heat [IR-H]) can be used to obtain Salmonella-free LWE, mainly at temperatures of 55 and 57°C, after applying irradiation doses below 1.5 kGy (2) . Sublethal injury has been observed in Salmonella cells when irradiation and heat treatments have been combined. Sublethally injured cells are more susceptible to antimicrobial components (26) . This is important in the inactivation of gram-negative bacteria, because their outer membrane acts as an efficient barrier against hydro-phobic solutes and macromolecules (23) . Therefore, food additives can be used to lower the heat intensity and radiation dose required to obtain the necessary reduction in bacterial populations. Also, some additives can decrease the off-odors that may develop as a result of excessive thermal or irradiation treatments (8, 18, 39) . Preservatives in the GRAS (generally recognized as safe) category, such as EDTA, sorbic acid, nisin, and the flavoring compound carvacrol, have been used in combination with heat, irradiation, or other microbial inactivation processes to reduce the intensities of the treatments on the basis of the synergistic lethal effects between the additives and the inactivation technique (10, 12, 19, 27, 29, 35, 37, 38) .
Nisin is a hydrophobic heat-stable bacteriocin produced by Lactococcus lactis. The antimicrobial activity of nisin involves an interaction with peptidoglycan precursors and the formation of transient pores in the cytoplasmic membrane of gram-positive bacteria, with the subsequent loss of membrane potential and the leakage of small intracellular molecules (16, 18) . Gram-negative bacteria are generally more resistant to nisin because of their protective outer membrane, which covers the cytoplasmic membrane and peptidoglycan layer and acts as a barrier against hydrophobic macromolecules (22) ; however, sublethal injury to gram-negative cells during antimicrobial treatments induces their sensitivity to nisin (12) . Typical concentrations of nisin (100 to 500 IV/g) (2.5 to 12.5 ppm) are used by the food industry, and 5 ppm of nisin is commonly added to raw liquid egg prior to heat pasteurization (18) .
EDTA is used either as a preservative or as an inhibitor of product discoloration (23) . As a preservative, EDTA chelates divalent cations that stabilize molecular interactions in the outer membrane of gram-negative bacteria so that lipopolysaccharides are released (1, 11) . Concentrations of up to 0.54 mM are permitted for use in egg products that are hard cooked (5) , and concentrations of up to 20 mM EDTA have been proposed to be used to inhibit both gram-positive and gram-negative bacteria in different food products, including eggs (9) .
Sorbic acid is an organic acid that is primarily used as an antifungal agent (17) ; however, it also inhibits the growth of bacteria, including Salmonella. It crosses the microbial membranes to access the cytoplasm, where it acts (37) . It is assumed that sorbic acid inhibits vegetative cells by reducing the electrochemical gradient of the cytoplasmic membrane and consequently the proton motive force. The suppression of proton motive force-related amino acid transport could eventually result in the inhibition of many of the cellular enzyme systems determining the survivability of the cell. Maximum concentrations used in the food industry are 0.1 % (17). Sorbic acid is preferred to other acids because of its physiological harmlessness and organoleptic neutrality (7) .
Carvacrol is a phenolic compound present in the essential oil fraction of oregano and thyme and is a GRAS flavoring. It is able to disintegrate the outer membrane of gram-negative bacteria, releasing lipopolysaccharides, creating channels through the membrane, and increasing the permeability of the cytoplasmic membrane to ATP and ions (13) . Carvacrol is typically used in the minimum concentration required to produce the intended effect (4) . Although these additives have been shown to be effective at increasing the sensitivity of human pathogens to intervention technologies, there are, to our knowledge, no published studies that investigate the effectiveness of these additives in combination with irradiation and heat on the survival of Salmonella in LWE. Therefore, the objective of this investigation was to evaluate the lethal effects of IR-H in LWE with added nisin, EDTA, sorbic acid, carvacrol, or combinations of the' GRAS additives and their ability to reduce the intensities of irradiation (dose) and heat (temperature and time) to obtain Salmonella-free LWE.
MATERIALS AND METHODS
Preparation of LWE. Extra-large grade A eggs were purchased from a local supermarket. Egg shells were thoroughly washed with 70% ethanol and allowed to air dry. Sanitized eggs were aseptically broken, transferred into a sterile stomacher bag (190 by 300 mm; Tekmar Company, Cincinnati, Ohio), and homogenized for 2 min in a Stomacher Laboratory Blender 400 (Tekmar). The obtained LWE was maintained at 2 to 4°C until use.
Preparation of LWE with additives. The additives used were nisin, disodium EDTA, sorbic acid, and carvacrol, which were supplied by Sigma (Sigma-Aldrich, St. Louis, Mo.). Stock solutions (40,000 IV of nisin per ml, 200 mM disodium EDTA, and 10 g of sorbic acid per liter) were prepared in deionized water. Carvacrol was directly added to the LWE to obtain a final concentration of 0.5 mM. Concentrations higher than 0.5 mM caused coagulation of the LWE (data not shown). Nisin and disodium EDTA solutions were sterilized by passing them through a 0.22-j.Lm-pore-size filter. The sorbic acid stock solution was sterilized at 121°C for 20 min. After sterilization, solutions were stored at 4°C until use.
The different additives, or their combinations, were added to 100 ml of LWE. The concentrations of single additives used in this study were as follows: nisin at 100 and 400 IVlml, 0.5 and 20 mM EDTA, sorbic acid at 1 glliter, and 0.5 mM carvacrol. The concentrations of the combinations were nisin at 100 IU/ml and 0.5 mM EDTA; nisin at 100 IVlml and 0.5 mM carvacrol; 0.5 mM EDTA and 0.5 mM carvacrol; and nisin at 100 IV/mI, 0.5 mM EDTA, and 0.5 mM carvacrol. The 100-ml LWE flasks, with additives, were kept at 4°C until use (maximum storage time, 1 h).
Microorganisms. Salmonella Enteritidis 13076 and Salmonella Senftenberg 8400 (American Type Culture Collection, Manassas, Va.) were used for irradiation and heat treatments. Stock cultures were maintained in tryptic soy agar (TSA; Difco, Becton Dickinson, Sparks, Md.) at 2 to 4°C and transferred monthly. Each Salmonella serovar was cultured independently in 50 ml of tryptic soy broth (TSB; Difco, Becton Dickinson) in 250-ml Erlenmeyer culture flasks at 37°C (150 rpm) for 18 h. After this incubation time, cells were at their stationary phase of growth. Before treatments, microorganisms were centrifuged at 3,500 X g for 10 min at 4°C. The TSB was then removed, and the pellet was resuspended in the LWE containing the corresponding additive or combination of additives. The final cell concentration of Salmonella in the LWE was approximately 10 9 CFU/mI for each Salmonella serovar. The LWE with the additives and inoculated with the corresponding Salmonella serovar was stored at 4°C until use (maximum storage time, 1 h). The concentrations of additives used did not affect the number of survivors dming a 24-h storage time at 4°C, indicating that the concentrations used were not bactericidal under the investigated conditions (data not shown).
IR-H treatments. Borosilicate glass test tubes (16 by 125 mm)containing 2 ml of LWE (2-ml LWE tubes) with the corresponding additive and 10 9 CFU/ml of the corresponding bacterial suspension were placed vertically in the sample chamber of a Lockheed Georgia Company self-contained 137Cs irradiator (Marietta, Ga.) with a dose rate of 0.095 kGy/min. Samples were treated with 0, 0.3, and 1.0 kGy (±0.03 kGy). The doses delivered were verified with a 5-mm alanine pellet dosimeter (Broker, Inc., Billerica, Mass.) and were then measured with a Broker EMS 104 EPR (electron paramagnetic resonance) analyzer. The samples were held at 4°C before, during, and after irradiation.
Inoculated, irradiated, additive-added LWE samples (0.2 mI) were added to 2-ml LWE tubes containing the corresponding additive and previously stabilized in a water bath (General Purpose Aquabath model 18007, Lab Line, Melrose Park, Ill.) at the desired temperature (57°C, or 60 ± 0.2°C). The actual temperature was controlled with a thermocouple wire introduced in a 2-ml LWE test tube immersed in the water bath. At preset time intervals, samples were taken for heat resistance determinations and then immediately submerged in an ice water bath to cool them rapidly. The time between irradiation and heat treatments was approximately 10 to 60 min. This period did not affect the number of survivors of Salmonella serovars after irradiation treatments (data not shown). Sampling. One-milliliter aliquots of untreated samples, samples treated by irradiation, samples treated by heat, or samples treated by IR-H were removed and serially diluted with Butterfield's phosphate buffer. Pour plating with TSA was carried out to determine the population of surviving bacteria. Two pour plates per dilution were incubated for 48 h at 37°C. After incubation, the colonies were counted with an automatic laser counter (Exotech Inc., Gaithersburg, Md.). All experiments were done in triplicate.
Organoleptic observation of LWE. Uninoculated LWE samples with and without additives were examined for gross changes in sensory characteristics, such as color and aroma, by laboratory personnel before and after each of the irradiation and heat treatments to evaluate the impact of the process.
Irradiation and heat resistance parameters. Plate counts of the irradiated samples were divided by the control plate counts to give a survival fraction. The log of the survival fraction was then used to determine the D,-values (radiation doses required to eliminate 90% of the viable cells). The lethality of heat treatments was measured by their decimal reduction times (Dt-values), which is defined as the minutes of treatment at a given temperature necessary to reduce the number of survivors by 1 log cycle. Dr-values were calculated from the slope of the regression line of the straight portion of the survival curve obtained at every treatment temperature by plotting the log of the survival fraction versus the treatment time. The D,-and Dt-values and their corresponding 95% confidence limits were calculated by GraphPad PRISM software (GraphPad Software, Inc., San Diego, Calif.). To determine the response of the different Salmonella serovars to the effect of the different additives after the same treatments (irradiation, heat, or IR-H), the significance of differences between D,-or Dr-values for each microorganism was determined by an analysis of covariance (Excel, Microsoft Corp., Redmond, Wash.). Significant differences between the thermal Dt-values obtained from the heatsurvival curves in which cells were previously treated by irradiation for each additive were determined by Student's t tests with GraphPad PRISM. 
RESULTS
Sensory characteristics. No gross changes in color or odor were observed when nisin was added to LWE at the listed concentrations or after LWE was subjected to irradiation treatments, heat treatments, or both. A very slight mint smell and a brighter yellow color than in untreated LWE were detected after the addition of 0.5 mM carvacrol and 20 mM EDTA, respectively.
Irradiation treatments. The radiation resistance (the D,-values of Salmonella Enteritidis and Salmonella Senftenberg) was determined for each additive or combination of additives used in this study (Fig. 1) . The addition of any of the additives reduced the radiation resistance of Salmonella Enteritidis by 1.5-fold (Fig. lA) . This reduction was independent of the additive or its concentration. For Salmonella Senftenberg, the use of additives, with the exception of sorbic acid, did not modify its radiation sensitivity (Fig. lB) . For all the additives investigated, sorbic acid increased the radiation sensitivity of both Salmonella serovars the most (1.6-and 1.3-fold for Salmonella Enteritidis and Senftenberg, respectively). The number of survivors of the two Salmonella serovars did not vary during the 24 h following the 1.0-kGy radiation treatments of samples stored at 4°C (data not shown). IR·H treatments. Survival curves corresponding to the heat treatments at 57 and 60°C of Salmonella Enteritidis and Salmonella Senftenberg previously treated by ionizing radiation (from 0 to 1.0 kGy) were linear for all the combinations investigated (data not shown). This linear kinetics of inactivation facilitated the acquisition of thermal Dt-values for each combination treatment and Salmonella serovar. These Dt-values enabled a comparison of the influence of the radiation dose on the heat resistance of Salmonella. Figures 2 and 3 show the influence of the radiation dose (0, 0.3, and 1.0 kGy) on the heat resistance of Salmonella Enteritidis (Fig. 2) and Salmonella Senftenberg (Fig. 3 .r:
' " ' " ' " '6 c: c: c:
c: ::;; ' "
' " ' "
Z creased the thermal resistance of Salmonella Senftenberg at both 57 and 60°C by 2.7-and 1.7-fold ( Fig. 3A and 3B) , respectively, and that of Salmonella Enteritidis at 57°C by 1.7-fold ( Fig. 2A) . A cross-protection phenomenon was observed for Salmonella Enteritidis when irradiation was applied before heat treatments at 60°C (D600C by 1.6-fold). As shown in Figures 2 and 3 (black and stripped bars) , the application of heat treatments at both 57 and 60°C following the irradiation of LWE samples with additives decreased the thermal Dt-values after the irradiation treatments. Additionally, the cross-protection phenomenon observed at 60°C in Salmonella Enteritidis was not detected when the additives were used. In general, the effect of the combination of irradiation and heat depended on the serovar and the temperature of the heat treatment. For Salmoñ ella Enteritidis, the reduction of thermal Dt-values was also influenced by the radiation dose but was independent of the additive. The DS70c-values were 2.6-and 3.4-fold lower when any additive was added to the LWE samples individually or in combination before an irradiation treat- Fig. 2A) . At 60°C (Fig. 2B) , the reduction of the D600c-value was similar to that observed at 57°C. Final D600c-values after radiation doses of 0.3 and 1.0 kGy were 0.41 ± 0.05 min and 0.32 ± 0.05 min, respectively, for all of the additives used. For Salmonella Senftenberg, the sensitizing effect of additives and irradiation on heat resistance depended neither on the radiation dose nor the additive, with the exception of 0.5 mM carvacrol and 0.5 mM EDTA. When any of the other additives were added to the LWE samples prior to irradiation at any of the studied doses (0.3 or 1.0 kGy), the D S7 0 C values were reduced by 1.3-to 1.0-fold (D S7 0 C = 1.1 ± 0.2 min) (Fig. 3A) . At 60°C, the D 60 0 c values were reduced by 1.1-to 1.5-fold, with a final D 60 0 C value of 0.45 ± 0.05 min for Salmonella Senftenberg (Fig. 3B) . Table 1 shows the heat treatment times necessary to inactivate by 5 log cycles the population of Salmonella serovars Enteritidis and Senftenberg by applying IR-H treatments in LWE samples supplemented with the different additives used in this investigation. To obtain the heat treatment times for the various combinations used in this study, the inactivation due to irradiation and that due to heat have been considered. As can be observed, with GRAS additives, irradiation at the lowest dose (0.3 kGy) and thermal treatment at 60°C would enable the producers of LWE products to reduce their heat treatment and, even so, obtain a higher Salmonella lethality than that found with the current LWE heat pasteurization processes applied in the United States (60°C for 3.5 min). Furthermore, doses of 1.0 kGy that are followed by heat treatments at 57°C will reduce the required heat pasteurization time when additives are used.
heat is a promising pasteurization process for the attainment of a Salmonella-free LWE product. The synergistic lethal effect of the combined thermal and irradiation treatments when additives were used was higher than that observed when no additives were used or when individual heat or irradiation treatments were applied to LWE samples in the presence of GRAS additives. The utilization of additives to increase the microbial lethal effectiveness of preservation technologies (heat, pulsed-electric fields, high hydrostatic pressure, irradiation, etc.) in foods, including LWE products, has been noted in the scientific literature (14, 19, 28, 37, 43) ; however, to our knowledge, there are no data that address the effect of additives on the lethality of IR-H treatments in LWE products.
Several authors have demonstrated that the antimicrobial compounds present in foods can affect the radiation sensitivity of foodbome pathogens (32, 33, 45) . Radiosensitization of gram-negative and gram-positive bacteria has been observed when additives (nisin, carvacrol, organic acids, etc.) were used in other foods, such as tomato juice, meat, and sous-vide products (8, 10, 15, 19, 36, 42) , which is similar to our results. Based on our findings ( Fig. lA and  IB) , sorbic acid was the additive that most effectively reduced the radiation resistance of both Salmonella serovars. Besides its preservative action, sorbic acid inhibited the possible thermal-or radiation-induced off-flavor at concentrations of 1 g/liter (44); however, sorbic acid, although legally used as a preservative in numerous processed foods, could be forbidden for use in irradiated products, since it can interact with R-NH z functional groups by forming mutagenic products (20, 31) . Thus, sorbic acid cannot be used in cooked sausages or any other meat product (9 CFR 424.23) (6) .
When LWE samples with additives were heat treated (open bars, Figs. 2 and 3) , synergistic lethal effects on Salmonella populations were observed. For all of the additives tested, the synergistic lethal effects were larger at 57°C than at 60°C. For Salmonella Senftenberg, this was probably because a larger proportion of injured cells at 57°C became susceptible to antimicrobial components. Results obtained by Alvarez et al. (2) support this hypothesis, since more sublethally heat-injured cells were observed at the lowest temperature at which the LWE was heated. The addition of 0.5 mM EDTA and 0.5 mM carvacrol to LWE samples would be the additive, or combination of additives, that would reduce the heat resistance of both Salmonella Enteritidis and Salmonella Senftenberg to the greatest extent. Thus, for Salmonella Enteritidis, the D S7 0 C and D 60 0 c values were reduced by 0.42-and 0.63-fold, respectively, and for Salmonella Senftenberg, they were reduced by 0.3-and 0.7-fold, respectively, when those additives were used compared with the Dt-values obtained with the nonadditive LWE samples. Similar sensitizing effects on the heat resistance of both Salmonella serovars were obtained when nisin and carvacrol, or any of the other combinations of the additives, were used.
The presence of additives also decreased the heat resistance of both Salmonella serovars when irradiation treatments were applied before heat treatment; however, the re- duction of the thermal Dr-values was greater when IR-H treatments were applied than when LWE samples were treated with heat alone. This indicates that more cellular structures are damaged after IR-H treatments than after heat-only treatments. Furthermore, the addition of minimal concentrations of additives, with the exception of carvacrol or EDTA for Salmonella Senftenberg, would be enough to produce the synergistic reductions of Salmonella suspended in LWE samples when IR-H is applied.
Of all the additives used in this investigation, sorbic acid at a concentration of 1 g/liter would be the most suitable to be added to LWE that had been previously exposed to IR-H treatments to reduce the intensity of irradiation (lower dose) and heat treatments (shorter time and lower temperature) while simultaneously reducing by 5 log cycles the population of both Salmonella serovars (Table 1) ; however, as indicated above, the possible induction of mutagenic products could limit its use. The addition of nisin, EDTA, and carvacrol in combination would also be suitable for IR-H treatments in LWE, but production costs would be higher, because several additives would have to be used. Therefore, the addition of 20 mM EDTA, or of nisin at a concentration of 100 IV/ml, or the combination of EDTA and carvacrol or of nisin and carvacrol would be the most suitable antimicrobial(s) to be added to LWE previously exposed to radiation and then treated at any of the radiation doses and temperatures investigated.
Commercial applications of carvacrol in the combination treatments described may be hindered by the development of off-odors. Similar problems related to the potential for color changes may be of concern with regard to combination treatments that incorporate EDTA. As no gross changes to LWE organoleptic properties were observed in nisin treatments, nisin at a concentration of 100 IV/mI is the most promising additive of all those examined in this study. Thus, the application of preirradiation treatments of 0.3 or 1.0 kGy has been shown to reduce the LWE heat treatment times required to inactivate the population of Salmonella serovars by 5 log cycles (21.6 min at 57°C or 5 min at 60°C) by 75 and 84% at 57°C and by 54 and 66% at 60°C, respectively, in the absence of nisin at a concentration of 100 IV/ml and by 55 and 72% at 57°C and 41 and 56% at 60°C, respectively, in its presence. On the other hand, the lethality of current LWE heat pasteurization treatments (3.5-and 5.6-log reductions of Salmonella serovars Senftenberg and Enteritidis, respectively, after treatments at 60°C for 3.5 min) has been shown to be enhanced by 1.3-fold when nisin at a concentration of 100 IV/mI was added to LWE and by up to 2-or 2A-fold when 0.3 or 1.0 kGy, respectively, was applied previously to samples treated at 60°C for 3.5 min in the presence of nisin at a concentration of 100 IV/mI. Finally, considering the potential for dose-dependent irradiation-induced off-flavor problems in LWE (41), irradiation preheat treatments at 0.3 kGy could be preferable to those at 1.0 kGy. Therefore, treatments of 0.3 kGy, followed by 2.3 min at 60°C or 5.5 min at 57°C in the presence of nisin at a concentration of 100 IV/mI, would be of more interest to the LWE industry. These treatments would minimize the effect on the quality of LWE and reduce by at least 7 log cycles the population of Salmonella Enteritidis and by 5 log cycles the population of Salmonella Senftenberg. As Salmonella Enteritidis is one of the serovars most frequently reported as causing human illness (3) and one of the most heat-and irradiation-resistant Salmonella serovars (2, 30) , the combination of these processes has the potential for significant utilization in the production of safe, high-quality LWE products; however, additional research is required to evaluate the commercial-scale impact of these combined processes on the quality and functional properties of LWE products. Also, studies related to the influence of the presence of additives on the microbial stability of LWE treated by IR-H during subsequent storage under cool conditions are an important next step. The results of our research will advance knowledge in the area of extending the shelf life of currently commercialized LWE products and reducing the treatment intensity of commercially applied Salmonella inactivation processes.
